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ABSTRACT This study examined the effect of water-
chilled perches on hen production and physiological re-
sponses to induced molt during elevated temperatures.
A total of 288White Leghorns at 82 wk of age were
housed in 36 cages of 6 banks. Each bank was assigned
to 1 of 3 treatments: cooled perches, air perches, and
no perches. The hens were subjected to 2 heat episodes
during their first laying cycle at week 21 to 35 and week
73 to 80, respectively. The hens were subjected to a
28 D nonfasted molting regimen starting at 85 wk of
age. Cyclic heat of 32◦C (6:00 am to 6:00 pm) was ap-
plied daily during the molting period. After molt, hens
were returned to a layer diet and housed under ther-
moneutral condition. Two birds per cage were moni-
tored for BW change during molt. Egg production was
recorded daily. Feed utilization was measured during
molt at 86 and 88 wk of age. Egg weight and eggshell
traits were examined at 84 wk (pre-molt) and post-
molt at 92, 96, and 104 wk of age. Rectal temperature
and blood samples were collected from 2 birds per cage
at the end of molt. Blood samples were used for de-
termining heterophil/lymphocyte ratio, corticosterone,
and thyroid hormones. Plumage condition was exam-
ined at 22 wk post-molt. Compared to control and air
perch hens, cooled perch hens had higher feed usage and
greater BW loss, lower heterophil/lymphocyte ratios (P
< 0.05) with no difference in thyroid hormones and cor-
ticosterone at the end of molt. Cooled perch hens also
had higher egg production beginning at 98 wk of age
(Ptreatment∗age < 0.0001) than control hens and some-
times the air-perch hens. Cooled perch hens had higher
rectal temperature than control but not air perch hens
at end of molt. Moreover, cooled perch hens had better
breast feather scores than air perch hens but worse vent
plumage (P ≤ 0.05) than both control and air perch
hens. These results indicate that the provision of cooled
perches assists hens with better adaptation to stressors,
such as induced molt plus heat exposure, resulting in
improved post-molt egg production.
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INTRODUCTION
The lifespan of a commercial laying hen usually
ranges from 75 to 110 wk with or without an in-
duced molting based on economic conditions (UEP,
2017). During the period of lifetime, a hen will go
through multiple stimulations (such as management-
and environmental-associated stressors) including in-
duced molting and heat stress (HS) during hot summer
seasons. Exposing to repeated or chronic stress (allo-
static load) may disturb physiological homeostasis and
immune function and ultimately lead to maladaptive
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stress responses in animals, such as a lack of adaption,
a prolonged response, or even a low response to a new
stressor (McEwen, 2000; Beauchaine et al., 2011; Ver-
beek et al., 2019). In poultry, conducting an induced
molt in laying hens thermally conditioned at an early
age could be more challenging for them to maintain or
return to physiological homeostasis. However, the hy-
pothesis has not been examined.
Induced molt is a management practice used to reju-
venate the reproductive system of egg laying flocks at
the end of the laying cycle, which is routinely started
at hens’ age approximately 75 to 85 wk based on the
market demand of eggs and egg products. Molting
brings the flock into a second cycle of lay with im-
proved eggshell quality and increased economic perfor-
mance (Akbari Moghaddam Kakhki et al., 2018). His-
torically, over 70% of the commercial flocks across the
United States and almost all flocks in California went
through at least 1 molt process during their lifetime
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to reduce bird cost per dozen eggs and to meet mar-
ket demands (Holt, 2003). More recently, because of
concerns of Salmonella enteritidis infection in hens as
they relate to food safety issues (Ricke et al., 2013),
induced molt has become less popular in the United
States. However, molting remains a necessary manage-
ment strategy to meet market needs as it is used as
an effective intervention method to avoid interruptions
in the egg market whenever pullet shortages occur. As
an example, in 2015, approximately 80% of uninfected
flocks were molted as a consequence of an outbreak of
avian influenza (Flock and Anderson, 2016).
Due to the negative impacts of traditional fasting
molt, more animal welfare friendly molting methods
have been developed and successfully applied that do
not involve feed or water withdrawal (Biggs et al.,
2003). Since 2006, only non-feed withdrawal molting
processes are allowed for those egg farms registered un-
der the certified United Egg Producers husbandry wel-
fare programs (United Egg Producers, 2017). A diet of-
fering low-energy ingredients, such as wheat middling,
has comparable post-molt egg performance as a fasting
molt (Biggs et al., 2003, 2004) with improved skeletal
health (Mazzuco and Hester, 2005) and less Salmonella
shedding (Seo et al., 2001). However, using low energy
diets during molt may have negative effects on laying
hens. For example, dietary manipulations may create
an imbalance of nutrients (Biggs et al., 2003; Mejia et
al., 2011), and Koch et al. (2007) reported that non-feed
withdrawal molted hens could still experience hunger as
indicated by increased feeding motivation. In general,
the control of feeding is similar between chickens and
mammals (Denbow, 1985; Ferket and Gernat, 2006),
low energy diets may not lead to feelings of satiety even
though the crop and proventriculus are distended fol-
lowing ingestion.
With global warming and climate change, warmer
weather has become prolonged and the hot waves are
more frequently occurred. During the lifespan of 75 to
110 wk or longer, a laying hen may go through 1 or
2 summers with repeated exposure to HS based on its
hatching time in the year. Seasonal temperature affects
egg production. When ambient temperature rises above
28◦C, the production and quality of eggs decrease and
mortality increases. In Midwest, for example, the excep-
tionally hot summers of 2011and 2012 were devastating
to the egg industry as hen mortalities climbed to 10%
due to heat. Heat stress associated with annual eco-
nomic loss in poultry in the United States is estimated
at $0.24 billion (St-Pierre et al., 2003). To meet market
needs and avoid interruptions in the egg market due
to diseae outbreaks, molting may need to be induced
during summer under conditions of high ambient tem-
perature. High ambient temperature causes appetite
depression, BW loss, reproductive failure, and immuno-
suppression in laying hens (Mashaly et al., 2004; Lin
et al., 2006; Rozenboim et al., 2007; Etches et al.,
2008). Meanwhile, loss of feathers during molt provides
hens with a thermoregulatory advantage during HS by
facilitating heat loss due to decreased feather insulation
with more skin exposure.
Several cooling strategies for mitigating HS impacts
on laying hens, such as dietary manipulation, genetic
selection, and physical cooling, have been investigated
and applied in the egg industry. However, all of the cur-
rently available cooling methods have certain disadvan-
tages. The installation of cooled perches has been re-
ported to successfully reduce the HS response in laying
hens (Strong et al., 2015; Hu et al., 2016, 2019a, b) and
broiler chickens (Estevez et al., 2002; Zhao et al., 2012,
2013). The information, however, is lacking about the
effects of cool perch on previously heat stressed laying
hens undergoing molting during hot weather. Our goal
was to examine the effects of water-chilled perches on
caged laying hens subjected to an induced molt during
elevated temperatures, specifically to investigate the
hypothesis that providing water-chilled perches to re-
peated heat-stressed hens could alleviate the negative
effects of induced molting on hen health and reduce HS
on molting efficiency and post-molt performance.
MATERIALS AND METHODS
Chickens, Management, and Treatment
Prior to this study, hens were subjected to daily cyclic
heat episodes from 21 to 35 and 73 to 80 wk of age
during the first egg laying cycle (Hu et al., 2019a, b).
Two hundred and eighty-eight 82-wk-old Hy-Line W-
36 White Leghorn hens previously subjected to 2 cyclic
heat episodes (35◦C for 12 h daily during week 21 to
35 and week 73 to 80) were used in this study. The
hens were housed in 36 eight-bird cages of 6 banks. A
bank consisted of 3 deck levels with 2 cages per deck.
Each cage provided 494 cm2 of floor space per hen. The
6 banks were randomly assigned to 1 of 3 treatments:
cages with thermally cooled perches, cages with ambi-
ent air perches, and controls with no perch. Within the
perched cages, each hen had access to 19 cm of perch
space and 9.5 cm feeder space with 2 drip nipples per
cage. The protocol was approved by the Purdue Uni-
versity Animal Care and Use Committee (PACUC#
1,302,000,813).
All hens were fed a regular layer diet (Table 1) prior
to the initiation of the induced molt (82 to 84 wk of
age). At 85 wk of age, hens were switched to a low-
energy non-fasted molt diet (Table 1, Biggs et al., 2004;
Mazzuco and Hester, 2005) for 28 D (85 to 88 wk of
age). Upon initiation of the induced molt, hens were
subjected simultaneously to daily cyclic heat of 32◦C
from 6:00 am to 6:00 pm. The heaters were turned off
from 6:00 am to 6:00 pm. During induced molt, food
and water were provided for ad libitum consumption;
the lighting was restricted to 8 L/16D. At 29 D post-
initiation of molting, hens were returned to a regular
layer diet, 16 L/8D photoperiod, and thermoneutral
condition until the end of the experiment (89 to 110 wk
of age).
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Table 1. Composition of the wheat-middling induced molt diet
and the regular egg layer diet.
Ingredients (%) Molt diet1 Egg layer diet
Ground yellow corn (6.12% CP) 23.00 54.27
Dehulled soybean meal (47.5%) — 29.54
Standard wheat midds 71.39 —
Dicalcium phosphate 0.10 0.83
83.8
Limestone, ground 4.96 10.42
Soybean oil — 3.91
Sodium chloride 0.30 0.41
Vitamin-mineral premix2 0.25 0.35
DL-Met — 0.19




ME, kcal/kg 2198 2890
CP, % 12.83 18.30
Lys, % 0.55 1.01
Met, % 0.19 0.48
Met + Cys, % 0.46 0.79
Ca, % 2.00 4.20
Non-phytate P, % 0.25 0.30
1Diet composition from Biggs et al. (2004).
2A key laying hen vitamin premix provided per kilogram of laying hen
diet: vitamin A, 12,320 IU; vitamin D3, 4,620 IU; vitamin E, 15.4 IU;
vitamin K, 3.08 mg; riboflavin, 6.16 mg; niacin 46.2 mg; vitamin B12,
23.1 μg; pantothenic acid, 15.4 mg; folic acid, 0.31 mg; choline, 401 mg;
iron, 50.4 mg; copper, 7.0 mg; manganese, 90 mg; zinc, 71 mg; iodine,
0.7 mg; selenium, 0.25 mg.
For cooled perch, each cage had 2 perches that were
connected together to form a continuous loop for each
deck (Figure 1a). Chilled water circulated inside the
metal perch pipes (Big Dutchman, Holland, MI; outside
diameter 33.8 mm and inside diameter 28.5 mm) using
water pumps during the daily heating episodes. The
water pumps (model 006-B4–15 Cartridge Circulator,
Taco, Inc., Cranston, RI) were regulated by a central
controller. When cage temperature rose above 25◦C,
the pumps were automatically turned on, and chilled
water was circulated through the perch loop of each
individual deck (Gates et al., 2014; Xiong et al., 2015).
Water was cooled to approximately 10◦C by an inde-
pendent loop through a water chiller (model ER-101y,
ELKAY Manufacturing Co., Oak Brook, IL). To record
cage temperature and relative humidity, HOBO loggers
(model ZW-007 for cages with perches and model
ZW-003 for cages without perches (Onset Computer
Co., Bourne, MA)) were installed on each deck of the
bank (Figure 1). Two temperature sensors were also
installed in each cooled perch loop of each deck to
measure the supply and return water temperatures.
A single point for the ambient air perch temperature
was also recorded. Each cage of the deck of the
thermally cooled perch treatment was independently
controlled by cage air temperature via sensors and
pumps. The room and cage temperature and relative
humidity data were recorded with HOBO data loggers
at 1-min intervals throughout the entire experimental
period.
Mortality, Feed Consumption, Egg
Production, Egg Quality, BW Loss and
Rectal Temperature
Mortality was recorded daily. The amount of feed
used per cage was measured over a 7-D period from 85
to 86 and 87 to 88 wk of age. The average daily feed us-
age per hen was calculated as the total feed used (g)/7
d/number of live hens (Hester et al., 2013).
Eggs were recorded and collected daily. Weekly hen-
day production was calculated as the total number of
eggs produced per cage/average number of live hens
per cage × 100% from 89 to 110 wk of age. The day a
cage of hens reach 50% egg production after molt was
recorded. Five intact hard-shelled eggs were randomly
collected from each cage during 2 consecutive days (60
eggs/treatment) at week 1 pre-molt (84 wk of age) and
week 4, 8, and 16 post-molt (i.e., 92, 96, and 104 wk of
age, respectively). Each egg was individually weighed.
Egg breaking force and eggshell quality including pro-
portion of eggshell and shell thickness were measured
(Klingensmith and Hester, 1985). Eggshell proportion
was calculated as eggshell weight/egg weight × 100%.
To monitor BW loss during molt, 2 randomly selected
hens of each cage were identified using different color
leg bands. Hen BW was determined 1 D before molt as
well as 14 and 28 D post molt. Percentage of BW loss
was calculated as (initial BW – 14 or 28 D BW)/initial
BW × 100%.
To avoid further stressing birds, rectal temperature
was only collected from 2 unmarked hens per cage us-
ing a digital thermometer on day 28 of molt under HS.
Plumage condition of all hens was measured at 110 wk
of age (i.e., 22 wk post-molt). Hen feather score was de-
termined at 5 body parts (breast, back, wings, vent, and
tail areas) using a 4-point scoring system with 1 being
the worst condition (severe feather damage and loss)
and 4 representing the best plumage (Tauson et al.,
2005).
Blood Collection, Triiodothyronine,
Thyroxin, and Corticosterone Analyses
A 5 mL blood sample was collected from each hen’s
brachial vein within 2 min of removing hens from their
cages, placed into an EDTA coated tube, and iced. Sam-
ples were collected from 2 hens per cage at 28 D post-
molt. The sample collection began at 12:00 pm (or 6 h
post-initiation of daily heat). To minimize the effect of
circadian variation on blood parameters, sample collec-
tion was purposely ordered so that a hen from each of
the 3 treatments was bled before proceeding to hens
in other cages representing each of the 3 treatments.
This ordering procedure was used until a total of 72
hens were bled. The blood samples were spun at 1,820
× g for 20 min at 4◦C. The supernatant plasma was
collected and stored at –80 ◦C until further analysis.
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Figure 1. Cage bank design for the 3 treatments of cooled perch cages (a), air perch cages (b), and control cages with no perches (c). Two
perches were installed parallel with each other in each row of a cage bank. For the cooled perch cages, a manifold was used to supply the loops
with chilled water (10◦C). Each loop was independently controlled by a water pump. The pumps for the cooled perch cages were turned on when
thermal sensors detected the cage air temperature exceeding 25◦C. Reprinted with the permission from the American Society of Agricultural and
Biological Engineers (Gates et al., 2014) and Poultry Science (Hu et al., 2016, 2019a).
Commercially available I125 RIA kits were used for
determining plasma levels of triiodothyronine (T3)
(Catalog # 06B-254,216, MP Biomedicals, Solon, OH),
thyroxine (T4) (Catalog # 06B-254,030, MP Biomedi-
cals, Solon, OH), and corticosterone (CORT) (Catalog
# 0,712,0103, MP Biomedicals, Solon, OH). Manufac-
turer’s protocols were followed for analyzing for T3 and
T4. Briefly, 100 μL of T3 standard or plasma sample
was mixed with 1 mL of T3 tracer and incubated at
37◦C for 60 min. Following incubation, the tubes were
decanted, and the radioactivity was counted in sequence
for 1 min per tube using a gamma counter (1470 Wiz-
ard Gamma Counter, Perkin Elmer, Waltham, MA).
Similarly, 25 μL of T4 standard or plasma sample was
mixed with 1 mL of T4 tracer and incubated at room
temperature for 60 min. After incubation, the samples
were counted for 30 s using the gamma counter. Total
plasma CORT concentrations were analyzed using the
protocol described by Cheng et al. (2001). All samples
were tested and analyzed in duplicates with CV ≤ 15%.
Heterophil to Lymphocyte Ratio
The heterophil to lymphocyte (H/L) ratio was de-
termined from 2 blood smears per hen at 28 D post-
molt. A thin layer of blood was applied on the surface
of the slides and air-dried. The slides were stained with
Wright’s staining solution (Fisher Scientific, Hampton,
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Figure 2. Daily hen-day egg production of White Leghorn hens ( = control,  = cooled perch,  = air perch) during molt and daily cyclic
heat. Values represent the least squares means ± SEM.
NH). A total of 100 heterophil and lymphocytes per
slide (200 cells per hen) were counted using microscopy
with ×4,000 magnification. The H/L ratio was calcu-
lated as the number of heterophils/number of lympho-
cytes.
Statistical Analysis
Data from the randomized block design were ana-
lyzed using ANOVA with the MIXED method of SAS
9.4 software (SAS Institute, 2013). Repeated measures
were used for egg production and egg weight, eggshell
quality, and feed utilization. Treatment and age of the
hens were considered as fixed effects. The bank of cages
was the experimental unit. Each of the 3 decks within
a bank was a subsample. Each of the 2 cages within a
deck was a sub-subsample. Error terms included hens
within cages, cages within deck, decks within bank, and
banks within treatments. Pooling of error terms oc-
curred when P > 0.25. A 1-way ANOVA was used for
the remaining parameters. If data lacked homogenous
variances, BOXCOX was used for transformation and
the data were reanalyzed (Box and Cox, 1964; Steel
et al., 1997). Egg production data were arcsine square
root transformed. The original untransformed results
were reported because statistical trends for both trans-
formed and untransformed data were similar. Tukey–
Kramer test was used to partition differences among
means for significant treatment main effects (Steel et
al., 1997). The SLICE option was used for the 2-way
interaction of treatment and age (Winer et al., 1991).
Significant statistical differences were reported when P
≤ 0.05, and trends were reported when 0.05 < P ≤ 0.10.
RESULTS
The non-fast induced molt plus daily cyclic heat was
successful in ceasing egg production with no effect of
perch effect (Figure 2). Quick cessation of lay was noted
in all treatments by 3 D post-molt. All hens never went
completely out of production but decreased their pro-
duction below 5% on the fifth day of molt that included
daily cyclic heat.
Only 3 control hens died during the experiment (2
died during the molt and 1 died post-molt). Under con-
ditions of daily cyclic heat, the cooled perch hens uti-
lized more feed during molt than both air perch and
control hens (P = 0.02, Table 2). No difference in BW
was found pre-molt (P = 0.94), as well as 14 D (P =
0.66) and 28 D (P = 0.11) after initiation of molt (Table
2). However, the % BW loss during molt under cyclic
heat was higher in cooled perch hens than control hens
with intermediate BW loss for the air perch hens at 14
D (P = 0.05) and 28 D (P = 0.02) after initiation of
molt (Table 2). The cooled perch hens had higher rectal
temperature than control but not air perch hens (P =
0.01) at 28 D post-molt (Table 2).
On the last day of the induced molt and daily cyclic
heat, cooled perch hens had lower H/L ratios than both
air perch and control hens (P = 0.01, Table 3). Plasma
concentrations of CORT (P = 0.38), T3 (P = 0.53),
T4 (P = 0.82), and the T3/T4 ratio (P = 0.71) were
similar among treatments at 28 D post-molt during heat
exposure (Table 3).
Hens reached 50% egg production at similar ages dur-
ing the second laying cycle (P = 0.49, Table 4). During
peak and post-peak production, hens under thermoneu-
tral conditions with access to cooled perches frequently
COOLED PERCHES DURING HEN MOLT 4295
Table 2. The effect of cooled perches on BW, feed utilization, and rectal temperature in caged laying hens during induced molt and























Cooled perch 1.58 1.32 1.25 16.1a 22.0a 58.6a 41.9a
Air perch 1.60 1.35 1.27 15.4a,b 19.8a,b 52.6b 41.8a,b
Control 1.57 1.38 1.35 12.1b 13.3b 53.7b 41.6b
SEM 0.05 0.03 0.04 1.2 2.2 1.5 0.12
n4 24 24 24 24 24 24 24
P-value
P treatment 0.94 0.66 0.11 0.05 0.02 0.02 0.01
P age - - - <0.0001 -
P treatment∗age - - - 0.25 -
a,bLeast squares means within a column for the 3 treatments lacking a common superscript differ (P < 0.05).
1Percentage of BW loss was calculated as (initial BW – 14 or 28 D BW)/initial BW × 100% collected from 2 focal birds per cage.
2Values within a column represent the least squares means averaged over 2 times at 86 and 88 wk of age during the induced molt of hens exposed
to daily cyclic heat.
3Rectal temperature was determined on 2 non-focal birds per cage at 28 D immediately post-molt when hens were still exposed to daily cyclic heat.
4Average number of observations per least squares mean.
Table 3. The effect of cooled perches on plasma corticosterone (CORT), triiodothyronine (T3),
and thyroxine (T4) concentrations, T3/T4 ratio, and heterophil to lymphocyte (H/L) ratio in
laying hens exposed to daily cyclic heat at 28 D post-induced molt.
Treatment CORT (ng/mL) T3 (ng/mL) T4 (μg/dL) T3/T4 ratio H/L ratio
Cooled perch 4.71 223 4.81 0.048 0.91b
Air perch 6.27 213 4.84 0.047 1.62a
Control 6.47 230 4.70 0.051 1.38a
SEM 0.86 10 0.17 0.003 0.08
n1 24 24 24 24 24
P-value 0.38 0.53 0.82 0.71 0.01
a,bLeast squares means within a column for the 3 treatments lacking a common superscript differ (P <
0.05).
1Average number of observations per least squares mean.
Table 4. The effect of cooled perches on egg production and eggshell traits of caged laying hens housed under thermoneutral




















Cooled perch 48.8 59.3 69.9 34.3 8.62a 0.347
Air perch 48.2 54.4 69.7 33.2 8.32b 0.341
Control 47.6 51.4 69.3 35.4 8.67a 0.350
SEM 0.7 2.8 0.5 1.2 0.09 0.001
n3 12 264 240 240 240 240
P-value
P treatment 0.49 0.29 0.66 0.45 0.03 0.09
P age - <0.0001 <0.0001 <0.0001 0.04 0.04
P treatment∗age - <0.0001 0.01 0.50 0.61 0.60
a,bLeast squares means within a column for the 3 treatments lacking a common superscript differ (P < 0.05).
1Values within a column represent the least squares means averaged over 22 wk of egg production (89 to 110 wk of age).
2Values within a column represent the least squares means of 5 eggs per cage averaged over 4 ages of 84 (1 wk pre-molt), 92, 96, and 104 wk (4, 8,
and 16 wk post-molt).
3Average number of observations per least squares mean.
had higher egg production as compared to control and,
sometimes, air perch hens, especially after 104 wk of
age when hens were approaching the end of the second
cycle of lay (treatment × age interaction, P < 0.0001,
Figure 3).
Under thermoneutral condition, the overall main ef-
fect for egg weight (P = 0.66) and shell breaking
force (P = 0.45) was not affected by perch treatment
(Table 4). Treatment effect on egg weight was incon-
sistent with hen aging. The air perch hens laid heavier
eggs than control hens but not cooled perch hens at
92 wk of age only (treatment × age interaction, P =
0.01; Figure 4). The proportions of shell relative to egg
weight (P = 0.03) and shell thickness (P = 0.09) were
higher in eggs from both cooled perch and control hens
than air perch hens (Table 4).
At 110 wk of age (22 wk post-molt), breast feather
scores were better (P = 0.02) in cooled perch hens than
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Figure 3. Post-molt weekly hen-day egg production of White Leghorn hens ( = control,  = cooled perch,  = air perch) in their second
cycle of lay (89 to 110 wk of age) housed under thermoneutral conditions. Values represent the least squares means ± SEM. a-c Within an age,
least square means ± SEM with no common letter are different (treatment × age interaction, P < 0.0001).
Figure 4. Egg weight (g) of White Leghorns submitted to 1 of 3
treatments ( = control,  = cooled perch,  = air perch) at 84 (1
wk pre-molt), 92, 96, and 104 wk of age (4, 8, and 16 wk after molt).
Hens were in their thermoneutral zone at all ages of measurement. a, b
Within an age, least squares means ± SEM with no common letter are
significantly different (treatment × age interaction, P = 0.01). Means
represent 5 eggs collected from each cage for a total of 12 cages for
each age and treatment.
air perch hens but not controls, but vent feather scores
were worse in cooled perch hens than both air perch and
control hens (P = 0.003). Tail feather tended to improve
in cooled perch hens (P = 0.10). The plumage areas
of the wing and back were not affected by treatments
(Figure 5).
Figure 5. The effect of cooled perches as compared to air perches
and controls on the feather scores of the wing, back, breast, vent,
and tail of caged White Leghorn hens at 110 wk of age (22 wk after
molt). Scores for feathers ranged from 1 to 4 with 4 representing non-
damaged feathers and 1 indicative of severe damage. Values represent
the least squares means ± SEM. Within a region of the hen’s body,
scores lacking a common letter (a, b) differ (P ≤ 0.05), and scores with
an asterisk (∗) tended to differ (0.5 < P ≤ 0.10).
DISCUSSION
A commercial laying hen’s lifespan ranges from 75 to
110 wk or longer with or without induced molting based
on the economic conditions (UEP, 2017). During its life-
time, a hen experiences various stimulations (practices-
and environmental-associated stressors) during differ-
ent life phases including induced molt and HS in hot
COOLED PERCHES DURING HEN MOLT 4297
summer seasons, resulting in repeated or chronic stress
responses.
Induced molt is usually conducted when laying hens
reach 75 to 85 wk old, as an effective management tool
to resolve egg shortage and reduce production costs for
the egg industry. The hens could be heat stressed once
or twice based on their hatching time in the year before
induced molt, and based on the market needs, induced
molt could be performed during hot seasons. However,
little information is available on the effects of induced
molt combined with elevated ambient temperature on
the performance and physiology of laying hens. In the
current study, similar to some commercial conditions,
the hens went through 2 heat episodes and multiple
management-related stimulations, such as beak trim-
ming, vaccinations, transportation, social interruptions,
and induced molt. Compared to both control and air
perch hens, cooled perch hens had greater molting effi-
ciency and post-molt performance (Figure 3). These re-
sults indicate that the cooling perch system could have
long-term implications by reducing the negative effects
of induced molt and repeated HS in laying hens.
Chronic or repeated exposure to stress can lead to
dysregulation of multiple physiological systems, includ-
ing the hypothalamic–pituitary–adrenal (HPA) axis
due to increased allostatic load (Tonhajzerova and Mes-
tanik, 2017). Similar to that found in rodents (Grissom
and Bhatnagar, 2009), the laying hens used in the cur-
rent study could have an attenuated HPA axis in re-
sponse to HS due to early thermal condition-induced
thermotolerance by repeated heat exposures (Yahav
and Plavnik, 1999), while still maintain response to
novel challenges, such as induced molt (Dallman, 2007;
de Bruijn et al., 2017). An increase in in CORT concen-
trations caused by heat stress caused increase has been
reported in previous studies (Soleimani et al., 2011).
However, the CORT levels were not different among
treatments on the last day of the induced molt plus
cyclic heat in the current study. Similar to the cur-
rent finding, Lin et al. (2008) reported no difference
in CORT levels at the later stage of laying hens (60 wk
old) exposed to heat at 32◦C for 21 D. The reasons for
the lack of treatment effect are still unclear but could
be related to the effect of the downregulation of HPA
functions caused by allostatic load, in order to avoid the
detrimental effect of glucocorticoids in chronic stressed
animals (McEwen, 2001).
Under the current experimental condition, cooled
perch hens were less stressed as indicated by lower
H/L ratio compared to both air perch and control hens
(Table 3). Similar results have been reported in our
previous studies (Strong et al., 2015; Hu et al., 2019b).
An elevated H/L ratio has been used as a reliable
indicator for chronic stress in different animals, includ-
ing chicken (Gross and Siegel, 1983, 1986; McFarlane
and Curtis, 1989; Davis and Maney, 2018). Unlike the
CORT reaction, the change in H/L ratio under the
current experimental condition is slower and takes
longer, even remains elevated after stressor withdrawal
(Quinteiro-Filho et al., 2012; Lee et al., 2015; Bekhbat
et al., 2018). Stressors are additive (McFarlane and
Curtis, 1989; Hester et al., 1996). Higher H/L ratios
in air perch and contorl hens could be related to
activation of HPA axis due to 3 heat exposures and
induced molt, leading to an initial increase in synthesis
and release of CORT, which subsequently stimulates
an earlier release of heterophils from bone marrow into
blood circulation and redistribution of lymphocytes
from blood circulation to other organs (Djordiević
et al., 2003; Caroprese et al., 2014). These changes
cause a decrease in the number of lymphocytes and an
increase in the number of heterophils, resulting in a
higher H/L ratio (Gross and Siegel, 1983). The current
and previous results indicate that the cooled perch
installation is able to attenuate the negative impact of
combined induced molt and HS in laying hens.
The cooled perch hens were able to sustain a higher
rate of lay without detrimentally affecting eggshell
traits and egg weight in the second cycle of lay
(Table 4). When the heat was turned off during the
second cycle of lay, there were no treatment differences
in breaking force, but proportions of shell and shell
thickness were lower in the air perch hens (Table 4).
Similarly, in the first cycle of lay between the 2 cyclic
heating episodes when hens were kept within their
thermoneutral zone, little differences in eggshell quality
occurred. Improvements in shell quality during the first
cycle of lay in cooled perch hens occurred when daily
cyclic heat was applied (Hu et al., 2019a). The reduced
proportion of eggshell and the tendency for lower
shell thickness in the second cycle of air perch hens as
compared to cooled perch hens and controls (Table 4)
could be due to the relationship of shell deposition with
egg size. Hens deposit the same quantity of shell each
time an egg is formed even when laying larger eggs
(Roland et al., 1975, Cheng and Coon, 1990; Castillo
et al., 2004). The greater surface area of a larger egg
results in a thinner eggshell (Roland, 1979), which
could lower the proportion of shell such as in air perch
hens. Hens with access to air perches laid larger eggs at
92 wk of age (Figure 4) perhaps causing the decrease
in proportion of shell at this age, but egg weight at
the other ages (84, 96, and 104 wk of age) was not
affected by treatment, yet proportion of shell was still
lower for air perch hens.
Our results on feed usage of cooled perch hens dur-
ing molt showed that this cooling mechanism was ef-
fective in counteracting the deleterious effects of ele-
vated temperatures by stimulating appetite. The higher
feed usage of hens with access to cooled perches during
molt under cyclic heat is in agreement with our previ-
ous finding of cooled perch hens during 2 daily cyclic
heat episodes that were implemented during the first
cycle of lay (Hu et al., 2019a).
There are likely multiple, complex reasons for the in-
creased post-molt egg laying performance of the cooled
perch hens. It is suspected that the cooled perch hens
experienced faster and greater ovarian and oviductal
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regression during molt as indicated by the greater BW
loss at 14 and 28 D post-molt as compared to controls.
Approximately, 25% of total BW loss is linked to
catabolism of adipose tissue and regression of repro-
ductive tract with a fasting molt (Baker et al., 1983;
Andrews et al., 1987). Ovarian and oviductal regression
during molt is critical to achieving optimum post-molt
egg laying performance (Gongruttananun et al., 2018).
Previous studies using feed withdrawal in combination
with photoperiod restriction found optimum post-molt
egg production when BW loss ranged from 25 to 30%
(Brake and Thaxton, 1979). Compared to a fasting
molt, a non-feed withdrawal molting program causes
less BW loss (approximately 20%) in hens due to free
access to a molting diet. Our current study met these
expectations on BW loss if cooled or air perches were
provided to the hens, but not for the controls (Table 2).
Even though the controls used less feed, their weight
loss was only 13.3%, most likely due to lack of ovarian
regression. On the other hand, Anderson (2015) sug-
gested a relative high ambient temperature (24◦C to
29 ◦C) facilitates hens to have a complete regression of
reproductive tract. In addition, Sgavioli et al. (2013) re-
ported lower ovary and oviduct weights in hens molted
with 90% alfalfa diet at 35◦C than at both 27◦C and
20◦C. These results suggested that the greater change
of the reproduction system in the higher temperature
could be an indicator for better reproductive tract
regression. The BW losses in hens with access to cooled
and air perches are similar to the results of Biggs et al.
(2004) and Mazzuco and Hester (2005) using the same
molting diet, but their experiments were conducted
under conditions of thermoneutrality. Necropsies were
not performed during molt to verify reproductive tract
regression, as we wanted to keep all hens for collection
of data during the second cycle of lay.
The greater BW loss observed in the current experi-
ment in the cooled perch molting hens could be indica-
tive of adequate regression of the reproductive tract,
and at the same time suggests improved thermotoler-
ance as evidenced by increased feed usage. It is hy-
pothesized that the nutrients obtained from increased
food usage by cooled perch hens were being partitioned
to other physiological systems besides the reproductive
tract allowing for a fit hen to begin her second cycle
of lay. Greater feed utilization observed in hens with
access to cooled perch during the molting period per-
haps improved body reserve of nutrients like calcium
and protein, allowing for improved egg laying perfor-
mance during the second cycle. As reported by de An-
drade et al. (1977), feeding a high nutrient density diet
to hens subjected to HS increased egg production.
Adequate amounts of thyroid hormones are essen-
tial to induce molt (Merryman and Buckles, 1998).
Specifically, elevated plasma T4 triggers old feather loss
and stimulates new feather growth (Brake and Thax-
ton, 1979; Davis et al., 2000; Decuypere et al., 2005;
Dawson, 2015). To cope with HS, chickens reduce their
output of thyroid hormones so as to reduce body heat
production (Tao et al., 2006; Wan et al., 2017). There-
fore, hens of the current study were in a controversial
condition whereby they required thyroid hormones for
feather replacement during molt, yet they also needed
to lower their metabolism to reduce heat output by re-
ducing thyroid hormone secretion. In supporting the
hypothesis, a previous study reported that body heat
production was reduced in hens molted by fasting or
feed restriction than non-molted hens (Chepete and
Xin, 2004), while no systematic research was conducted
in non-fast molted hens. In the current study, under
combined induced molt and daily cyclic heat, the cooled
perch system was ineffective in stimulating thyroid
activity.
It is uncertain to explain the increase in rectal tem-
perature of molting hens with access to cooled perch
subjected to daily cyclic heat as compared to control
hens (Table 2). Unlike the current study, non-molting
cooled perch hens in their first cycle of lay with ac-
cess to cooled perches during elevated temperatures al-
lowed for the conductive transfer of body heat to the
chilled water pipes that they came in contact with, thus
keeping body temperature lower than the other 2 treat-
ments (Hu et al., 2019b). Apparently, the induced molt
under the conditions of daily cyclic heat was causing
other dynamic physiological changes to occur. One pos-
sible explanation is that the adipose tissue catabolism is
greater in cooled perch hens than air perch and control
ones, as indicated by their higher BW loss. Catabolism
of adipose tissue and regression of reproductive tract
contribute to 25% of molting-induced BW loss (Baker
et al., 1983; Andrews et al., 1987). Lipid catabolism
generates heat and thus increases core body tempera-
ture (Chepete and Xin, 2004; Lu et al., 2017). Another
possibility for the higher rectal temperature of cooled
perch hens at the end of molt may be related to produc-
tion of metabolic heat during digestion. Cooled perch
hens used more feed than air perch and control hens
during induced molt and cyclic heat. Metabolic heat is
produced following feeding by digestive breakdown of
complex nutrients, such as high fiber wheat middling,
to simple metabolites for intestinal absorption and liver
usage (Jørgensen et al., 1996). It is also possible that
the rectal temperature difference could be due to the
plumage coverage. Although plumage condition was not
examined at the end of the induced molt and cyclic HS,
cooled perch hens had better plumage coverage (the
breast and tail regions) than air perch hens at 110 wk
of age, which could provide some evidence for acceler-
ated feather replacement in the cooled perch hens.
In conclusion, provision of a cooled perch system to
laying hens ameliorated the stressful effects of combi-
nation of stressors. During the induced molt and daily
cyclic heat, cooled perch hens had lower H/L ratios with
higher feed usage as compared to air perch and control
hens. During the second laying cycle, cooled perch hens
were able to sustain higher rate of lay without detrimen-
tally affecting eggshell traits and egg weight. Hen-day
egg production was about 10% higher in cooled perch
hens than both air perch and control hens from 104 to
110 wk of age. These results suggest that water-chilled
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perches are an effective cooling method for caged lay-
ing hens to improve the efficacy of induced molt under
conditions of daily cyclic heat.
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ological and economic optimum level of calcium in white leghorn
laying hens. Poult. Sci. 83:868–872.
Cheng, T. K., and C. N. Coon. 1990. Effect on layer performance and
shell quality of switching limestones with different solubilities.
Poult. Sci. 69:2199–2203.
Cheng, H. W., G. Dillworth, P. Singleton, Y. Chen, and W. M. Muir.
2001. Effects of group selection for productivity and longevity on
blood concentrations of serotonin, catecholamines, and corticos-
terone of laying hens. Poult. Sci. 80:1278–1285.
Chepete, J. H., and H. Xin 2004. Heat and moisture production of
poultry and their housing system: molting hens. Trans. ASHRAE.
110:274–285.
Dallman, M. F. 2007. Modulation of stress responses: How we cope
with excess glucocorticoids. Exp. Neurol. 206:179–182.
Davis, G. S., K. E. Anderson, and A. S. Carroll. 2000. The effects of
long-term caging and molt of Single Comb White Leghorn hens
on heterophil to lymphocyte ratios, corticosterone and thyroid
hormones. Poult. Sci. 79:514–518.
Davis, A. K., and D. L. Maney. 2018. glucocorticoid hormones or
leucocyte profiles to measure stress in vertebrates: What’s the
difference? Methods Ecol. Evol. 9:1556–1568.
Dawson, A. 2015. Avian molting. Pages 907–917 in Sturkie’s Avian
Physiology. 6th ed. C. G. Scanes, ed. Academic Press, Cambridge,
MA.
de Andrade, A. N., J. C. Rogler, W. R. Featherston, and C. W. Al-
liston. 1977. Interrelationships between diet and elevated temper-
atures (cyclic and constant) on egg production and shell quality.
Poult. Sci. 56:1178–1188.
de Bruijn, R., J. M. Reed, and L. M. Romero. 2017. Chronic re-
peated exposure to weather-related stimuli elicits few symptoms
of chronic stress in captive molting and non-molting European
starlings (Sturnus vulgaris). J. Exp. Zool. A Ecol. Integr. Phys-
iol. 327:493–503.
Decuypere, E., P. Van As, S. Van der Geyten, and V. M. Darras.
2005. Thyroid hormone availability and activity in avian species:
a review. Domest. Anim. Endocrinol. 29:63–77.
Denbow, D. M. 1985. Food intake control in birds. Neurosci. Biobe-
hav. Rev. 9:223–232.
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